An Acoustic Emission Evaluation of Environmentally Assisted Cracking of 7039-T6 Aluminum by Buckley, Paul F. et al.
AN ACOUSTIC EMISSION EV ALUA TION OF ENVIRONMENTALLY ASSISTED CRACKING OF 
7039-T6 ALUMINUM 
Paul F. Buckley, Kevin Baldwin, Michael J. Ehrlich and 
James W. Wagner 
Materials Science and Engineering 
Johns Hopkins University 
Baltimore, MD 21218 
INTRODUCTION 
Environmentally assisted cracking (EAC) is a significant problem in modern structures. The combination 
of a susceptible material, an adverse environment and mechanical stress can lead to unexpected failure of a 
structure by catastrophic crack growth. The mid-air failure of the aluminum alloy bulkhead and the 
subsequent loss of life on a Aloha Airlines flight on April 28, 1988 as shown in figure 1, illustrates this fact. 
Additionally, the operating environment of the US Anny contributes to premature failure of structures such as 
aluminum alloy armor, high strength steel armor and high strength steel control components on Anny 
helicopters [1]. These failures not only endanger life but they also seriously hamper the fighting readiness of 
U.S. forces because of equipment down time for inspection and repair of faulty components. Work has been 
performed to better characterize EAC resistance in high strength aluminum armor alloys [2]. These high 
strength alloys are particularly prone to failure in a chloride environment, an environment encountered in 
most of the world. If we plan to avoid such failures, we must better understand the EAC phenomena and more 
diligently detect growing cracks before they become critical in length. One characterization technique that 
promises to serve well both as a laboratory tool for understanding EAC and as a field device for detecting 
EAC is acoustic emission evaluation. 
THEORY 
Environmentally Assisted CrackiDf~ 
Environmentally assisted cracking reduces the working strength of many engineering alloys. Aluminum 
armor alloys, like many high strength alloys, are susceptible to EAC. Basically, environmentally assisted 
cracking occurs when three conditions occur simultaneously. The combination of a mechanical stress, an 
aggressive environment, and a susceptible material can lead to premature failure of a component by crack 
growth and eventual fracture. The specific mechanisms vary with the diversity of the three prerequisite 
conditions. [3-5]. In aluminum armor alloys, there is debate as to the mechanism of crack growth. Burleigh 
presents an excellent review of postulated mechanisms ofEAC in 7000 series aluminum [6]. In this review, 
he cites numerous supporters of the hydrogen embrittlement theory. Hydrogen enters into the alloy at 
cathodic sites during the corrosion process. This monatomic hydrogen diffuses to the crack tip area and 
embrittles the material leading to rapid and localized crack growth as illustrated in Figure 2a. Others believe 
the mechanism to be brittle rupture of the passive film at the crack tip as shown in Figure 2b. The crack tip 
corrodes in solution and forms a passive film. Under stress, this film fractures leading to rapid and localized 
crack growth. Fresh metal is exposed and repassivates, leading to the next cycle. Other researchers believe the 
EAC mechanism to be anodic dissolution as shown in Figure 2c. The crack tip area is under a stress while 
corroding and continues to grow through a combination of corrosion and stress. The corroding phase could 
either be the bulk material or the precipitate. Any characterization technique that can monitor certain physical 
parameters during the cracking process can be used in determining the exact cracking mechanism in the alloy 
of interest. Acoustic emission is a candidate technique for this task. 
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Acoustic Emission Generation and Propagation 
Scruby et a1.[9] have laid out a concise and workable basis for quantitative acoustic emission analysis. 
This work follows that already established in Scruby' s paper. In perticular we consider the following sources 
for this work: double monopole, dipole, dilatation, shear dislocation and microcrack. 
Double Monopole 
The double monopole consists of two equal and opposite point forces. This might exist in a growing crack 
that was still joined by a ligament. Upon fracture of the ligament, the two fracture surfaces will separate and 
act as two half spaces with their respective equal and opposite point forces creating elastic waves. The 
compression wave amplitude thus generated will have an angular dependence according to Equation I. 
U(x') j.l cos(e) for x2><), U(x')j.l-cos(e) for x2 <0 (1) 
In where the crack is in the XI x3 plane at x2=<> and e is with respect to the +x2 direction. 
Dipole 
A single force dipole with forces moving in the x2 direction the angular dependence of the compression 
wave amplitude in relation to the x2 axis is according 
to Equation 2. 
U(x') j.l cos2 (e) 
Dilatation 
The compression wave amplitude is constant with angle of propagation for a dilatation source as 
expressed in Equation 3. 
U(x') j.l constant. 
Shear Dislocation 
A shear source with a primary shear plane at 45° to the crack plane will show one of the angular 
relationships shown in Equation 4, where e is the angle with the XI axis. 
Microcrack 
U(x') J.l cos2 (e)-cos2 ('I')sin2 (e) 
U(x') J.l cos2 (e)-sin2 ('I')sin2 (e) 
A microcrack can be expressed as a combination of a dilatation source and a 45° shear source. The 
radiation pattern is given by Ohstu in Equation 5 [9], where v is Poisson's ratio. 
U(x ' ) j.l2cos2(e) + 2v /(l-2v) 
These equations are graphically depicted in Figure 3 a-e. 
Figure 1. Picture of the April 18, 1988, Aloha Airlines bulkhead immediately after landing. 
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(2) 
(3) 
(4) 
(5) 
Source Location 
Before we can use any of our theory on elastic wave sources and propagation, it is important to know 
where our source is located. In this work, we calculated source location using a error minimization algorithm. 
Given that we know the location of at least four receivers and given that we have relative arrival times for all 
four receivers we can set up a relationship of at least four equations to solve for our four unknowns, Xl ' XZ' x3 
and time. We used the following equations. 
(6) 
(7) 
(8) 
Error = ~r,(dtiactual - dticalculated)2 (9) 
Here, dt2, dt3 and dt4 in equations 6-9 are the differentials of the time of flight for the first compression or 
"p" wave arrival from the source to the respective transducer versus the time of flight from the source to the 
reference transducer, transducer I. The locations of the transducers are denoted as xTI' YTI and Zn for 
transducer 2, xT3' YTI and zTI for transducer 3, etc. The source location is denoted as xS' Ys and zS' The 
compression wave velocity is v p' The source location is incrementally adjusted until Equation 9 is minimized. 
Thus a best guess with respective error is established for the source location. Once the source location is 
known we can use our understanding of compression wave propagation and amplitude radiation patterns 
previously discussed to make a best guess at the type of source we have. 
EXPERIMENTAL CONSIDERATIONS 
System Calibration 
All testing was conducted on a double cantilever beam sample shown in Figure 4. Samples were 
machined from 50.8 mm 7039-T6 aluminum plate. A starter crack was introduced by torqueing the loading 
bolts until the critical stress intensity was exceeded. Six Valpey-Fisher Model 97 pinducers were arranged 
according to Figure 5. 
Prior to actual testing, calibration was performed by pulsing the specimen with a Y AG laser at the location 
marked in Figure 5. This laser produced an 8-ns pulse of25 mJ with a footprint of approximately 15 mm2 . 
The target area was marked with a optically black marker in order to produce ablation at the site. Signals from 
the pinducers were collected using three Gage two-channel 50 MHz boards inserted in a Gateway 2000 
4DX2-66 personal computer using LabVIEW software. 
Figure 2a. A schematic of the 
region near a crack tip 
experiencing hydrogen 
embrittlement. 
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Figure 2b. A schematic of the 
film rupture mechanism for 
EAC. 
Anodic Dissolution EAC Model 
Crack Front Intact 
Voids Lell B~ I PreciPitate~ 
~~rCCiPitales ~ b I I - 0 •• 
u/ . • 
PartiaUy Removed Y 
Precipitates 
Figure 2c. A schematic for the 
anodic dissolution model of 
EAC. 
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Typical wavefonns resulting from the laser ablation site are shown in Figure 6. These wavefonns were 
used to calculate the relative sensitivities of each transducer measurement system. Using the known source 
location and transducer locations along with a correction for mode conversion at the transducer sights, the 
measured amplitude of the first compression arrival was compared with the predicted amplitudes from a 
monopole source with the known source-receiver angular relation. The predicted amplitudes and the 
measured amplitudes were nonnalized to channell. The sensitivity ratios as well as the measured and 
predicted amplitudes are shown in Table I. 
Figure 3. Radiation patterns for five different sources, U(q) is the theoretical displacement from the 
compression wave. 
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Figure 4. The double cantilever beam specimen 
used to produce EAC in the 7039-T6 aluminum 
alloy. 
Experimental Procedure 
o o 
l..aJc.r Ab4.tlon Lootion 
1- (o.s.o.o.o~) 
h (O.s.0.3. O.O( 
J - (O.s. 1.0. 0.2 ( 
4 . (o.s. 1.0.0.7) 
5 _ (1.0.0.4. 0~) 
h (0.0. 0,4. O~) 
1._ (o.o.o."o~) 
rr, 
Figure 5. The location of the respective pinducers 
and the laser ablation site on the double cantilever 
beam specimen. 
Immediately after initial calibration, a mixture of 50% by volume 3.5% NaCI and 50% by volume 3% 
H20 2 was added drop-wise into the crack area. Acoustic measurements were recorded over a 50-hr time 
period in which the crack grew approximately 2 inches. All procedures were conducted in an ambient 
laboratory environment on top of pneumatically stabilized optical benches. 
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RESULTS & DISCUSSION 
Wavefonns As Received 
Typical wavefonns recorded while the crack grew under EAC conditions are shown in Figure 7. All of the 
first arrival compression waves exhibited positive amplitudes. 
Source Location 
Source location was perfonned on events 40 through 120. These locations were obtained using the error 
minimization algorithm in three dimensions as shown in Equations 6-9. Only those locations having an error 
less than 10% were used. Figure 8 shows the locations of the wavefonns. This figure indicates the crack grew 
as expected, with a fairly unifonn spread in space of recordable emissions. These correctly located sources 
then were used for detennining the angular relations between pinducers and sources and hence the necessary 
adjustments of the recorded amplitude. 
Amplitude Analysis 
More than 125 events were recorded over a period of 48 hours. This represented a crack growing from the 
starter notch in figure 4 to within 112 inch of the bottom of the specimen. All recorded events were subjected 
to the source location algorithm. The events where the crack front was most equidistant from all transducers 
were numbers 90 through 121; therefore, these were used in the final analysis. The calibration data were used 
to produce nonnalized longitudinal amplitudes. When one converts these to the respective nonnalized 
theoretical amplitudes, accounting for surface interactions, one can clearly see, as shown for typical cases in 
Table n, that the dipole source demonstrates the least cumulative error according to the following equation. 
E 1: (AAi -TAAi)2 rror=-
n TAAi (10) 
Tn which AA; is the actual adjusted amplitude,TAA; is the theoretical adjusted amplitude, and n is the number 
of measurements. Of 25 events analyzed, 14 are dipole sources, 8 are microcrack sources, 3 are dilitation 
sources. The dipole sources show an average error of 14%, the microcrack sources show an average error of 
17%, the dilitation sources show an average error of 95%. 
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Figure 6a. A typical response to the laser ablation 
event as recorded by Pinducer I . 
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Figure 6b. A typical response to the laser ablation 
event as recorded by Pinducer 2. 
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Figure 7a. A typical response to an EAC event as 
recorded by Pinducer 1 . 
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Figure 7c. A typical response to an EAC event as 
recorded by Pinducer 3. 
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Figure 7e. A typical response to an EAC event '"" 
recorded by pinducer 5. 
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Figure 7b. A typical response to an EAC event as 
recorded by Pinducer 2. 
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Figure 7d. A typical response to an EAC event as 
recorded by Pi nducer 4 . 
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Figure 7f. A typical response to an EAC event as 
recorded by pinducer 6. 
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Figure 8. The source locations for events 90 through 121 as determined by the error minimization algorithm. 
Units are in inches using the axes established in figure 18 . 
Table I. Theoretical Responses of Pinducers 
Hit Pinducerl Pinducer2 Pinducer3 Pinducer4 Pinducer5 Pinducer6 
0 0.0110 0.0408 0.0110 0.0064 0.0080 0.0000 
I 0.0100 0.0408 0.0110 0.0064 0.0080 0.0000 
2 0.0065 0.0160 0.0060 0.0048 0.0050 0.0000 
3 0.0 110 0.0400 0.0120 0.0080 0.0060 0.0000 
4 0.0100 0.0160 0.0070 0.0048 0.0400 0.0000 
Average Amplitude 0.0097 0.0307 0.0094 0.0061 0.0l34 0.0000 
Adjusted to Surface 0.0077 0.0l30 0.0046 0.0076 0.0240 0.0000 
Interactions, Theory 
Normalized to Pinducerl 1.0000 1.6914 0.6022 0.9916 3.1273 0.0000 
Theoretical Response 0.8824 1.5567 1.2921 0.5242 1.2604 1.4534 
Table II . Normalized Theoretical Amplitudes 
VI U2 U3 U4 U5 U6 Error 
Hit 99 8.64 3.41 7.10 3.23 1.28 0.73 
normalized 1.00 0.39 0.82 0.37 0.15 0.08 
double monopole 1.00 0.56 -1.04 -0.88 0.41 0.33 0.57 
dipole 1.00 0.31 1.07 0.77 0.17 0.11 0.13 
dilitation 1.00 1.00 1.00 1.00 1.00 1.00 0.22 
Shear Ia 1.00 -0.11 1.12 0.63 -0.34 -0.44 0.40 
Shear Ib 1.00 -0.11 1.12 0.63 -0.34 -0.44 0.40 
Microcrack 1.00 0.63 1.04 0.88 0.55 0.52 0.16 
Hit 100 10.45 8.31 3.13 4.12 1.19 0.97 
normalized 1.00 0.79 0.30 0.39 0.11 0.09 
double monopole 1.00 0.83 -1.20 -0.88 0.26 0.20 0.48 
dipole 1.00 0.69 1.43 0.78 0.07 0.04 0.26 
dilitation 1.00 1.00 1.00 1.00 1.00 1.00 0.24 
Shear Ia 1.00 0.41 1.82 0.58 -0.78 -0.84 0.53 
Shear Ib 1.00 0.41 1.82 0.58 -0.78 -0.84 0.33 
Microcrack 1.00 0.85 1.21 0.89 0.55 0.54 0.25 
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Linka~e to Real Phenomena 
The results of the previous analysis leads one to ask "What are the mechanisms that would create 
acoustic sources best modeled by a force dipole?" Carpenter et al. [l1] found that in 7075 aluminum the 
primary acoustic source in fatigue was from precipitate separation. Scruby argues for microcracking as the 
chief mechanism in his work [9]. Although these analyses were done on fatigue crack growth, we can expect 
some of the same mechanisms. Both hydrogen embrittlement and brittle film rupture are capable of producing 
such microcracking emissions, but this is not the primary emission in this study. These phenomena also are 
capable of producing a source modeled by a force dipole, the most common source in this study, given that 
the plastic zone ahead of the crack front produced some local decohesion. However, one would expect a 
correspondent heavy amount of microcracking with this type of fast brittle crack growth. A more likely 
scenario is a crack growing in the presence of anodic dissolution. Corrosion would weaken areas at the crack 
tip, leaving ligaments behind that would preferentially fracture as depicted in Figure 2c. This weakened area 
in 7039 would be composed of material left behind after the dissolution of the anodic precipitate, MgZn2. 
Fortunately, others concur. Landkof et al. [12] concluded in their work on 7039 that ductile rupture of the 
bridges between cavities left by the corroded MgZn2 was an important mechanism in the environmentally 
assisted cracking of 7039 aluminum. Therefore, this mechanism of anodic dissolution and crack advance 
through the remaining ligaments is responsible for producing the emissions classified as force dipoles, the 
primary emissions in this work. 
CONCLUSIONS 
This study leads to the following conclusions. First, from the preceding section, anodic dissolution is a 
primary mechanism in the EAC of 7039-T6. Other mechanisms may be present but they do not produce any 
significant acoustic emissions. Secondly, acoustic emission analysis yields quantitative results regarding 
sources given that the measuring system is well characterized and the elastic wave propagation theory is well 
understood. Finally, acoustic emission radiation patterns are a practical and simple way to apply well-
established but complex acoustic theory. 
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